Abstract: Ablation of copper using multipulse femtosecond laser irradiation with an 800 nm wavelength and 900-fs pulse duration is investigated theoretically using a dynamic tow temperature model. Our results show that the irradiation of a metal film by burst femtosecond laser with a separation time between pulses less than the thermal relaxation time can dramatically enhance the irradiated focal volume without a significant dissipation of the energy inside the material. We demonstrate the advantage of burst irradiation at low fluence where the cooper can be ablated below single ablation threshold. We also suggest that at high fluence, irradiation with a burst-train may give rise to a cleaner ablation than with a pulse-train.
Introduction
The rapid development of pulsed lasers in recent years opens up broad areas of application in industry, materials science and medicine [1] . The laser-matter interaction involves many physical mechanisms, and its understanding requires taking into account, on the one hand, the parameters of the laser beam (energy, pulse duration, wavelength, etc.) and on the other hand, the physical properties of the material constituting the target.
It has been shown that the quality of ablation produced by a femtosecond laser (fs) is better than that due to a laser operating in nanosecond (ns) regime, or other relatively longer pulse in the domain of the picosecond (ps) [2] [3] [4] [5] . Considerable improvement in micro-machining accuracy is possible with ultra-short lasers.
The physical mechanisms of femtosecond laser ablation are still under study. It has been observed that there are two different ablation phases during the transition from low fluence to higher fluence [5] , i.e. gentle ablation and stronger ablation [6] . We seem that the physical mechanism changes when the ablation phases change, where at low fluence, electron-ion collision is the most dominant as proposed in our previous work [7] , implying a gentle ablation, but at high fluence, electron-phonon collision is the most dominant [8] , implying a strong ablation.
In fact, to produce ablation with great precision, it is necessary to apply the fluence as low as possible above the threshold to minimize damage to the material [4] . Then the problem is that at high fluence, drilling by femtosecond laser gives irregular craters by the formation of a corona on the surface contrary to the case of low fluence where the deposit is well minimized [9] .
By taking the phase explosion as the dominant mechanism for ablation of a metal target irradiated by femtosecond laser pulses, the molten material can be overheated without boiling, because the time of relaxation is too short, so that a heterogeneous nucleation is produced. Therefore, when the temperature of the overheated liquids approaches the spinode (limit of heat of the metastable phase [10] ), i.e. when the temperature is close to the critical temperature of the thermodynamic equilibrium TC, the liquid tension tends rapidly to zero. As a result, homogenous nucleation occurs at an extremely high rate. The superheated liquid is expanded with the thermal explosion process and the material is a mixture of liquid and vapor droplets [10] [11] [12] .
Ren et al. [13] and Huang et al. [14] simulated the ablation of a metals target using a burst of laser pulses with a separation time between pulses of 50 ps and 280 ps respectively. They found that at the same fluence, with this type of ablation, irradiation could dramatically increase the lattice temperature and the ablation rate compared to a single pulse.
Bursts with an extremely high repetition rate (GHz) were proposed by Kerse et al. [15] for an efficient removal made possible.
At present work, we propose a fast thermal accumulation effect (FTAE) induced by bursts of femtosecond pulses with a repetition rate in the order of GHz, ie. the separation time between the pulses must be shorter than the thermal relaxation time, which can considerably increase the lattice temperature in the irradiated focal volume, thus reducing the dissipation of energy inside material. As a result, there will be overheating of the liquid induced by the first pulse, which implies that the evaporation rate can be increased during the same phase explosion. As a result, a very high efficiency of drilling can be achieved at high fluence by this mode of irradiation.
Two temperature model
In the case of the interaction of a metal with an ultrashort pulse laser, because of the inverse Bremsstrahlung, the energy of the laser beam will be absorbed by the free electrons of the material, then a thermalization of electrons and energy transfer to the lattice via electron-phonon collision [16] . The energy transfer from the laser beam to the metal target such as copper can be described using a two-temperature model 1D-TTM, which considers the metal as being formed of two subsystems: a subsystem lattice characterized by its temperature Tl, and a subsystem electronic characterized by its temperature Te.
In our simulation we will take copper as a target of thickness = 3 µ and at initial temperature T0 = 300 K irradiated by ultrashort laser pulses of fluence F on the front surface (z = 0).
The laser pulse is Gaussian in time with a Full Width at Half Maximum (FWHM) tp of 900 fs with a central wavelength of 800 nm. The evolution of electron-lattice temperature can be described by the TTM [17, 18] :
C is the heat capacity, k is thermal conductivity, where e and l denote electron and lattice, respectively. G is the electron-phonon coupling factor. z is the direction perpendicular to the target surface and t is the time.
The heat density S can be expressed for a multipulse as [8] :
where N is the number of pulses per burst, is the separation time between pulses, = 1/ is the absorption depth, is the absorption coefficient and the reflectivity.
is the ballistic range. The ballistic range value has an important impact in the simulations since it provides the ballistic transport of energy by the hot electrons [17] . More details of this model and the copper parameters can be found in our previous work [8] .
This dynamic TTM was simulated using MATLAB software by the finite differential method. Figure 1 shows the reflectivity R and the absorption coefficient calculated in function of temperature for a wavelength of 800 nm. This figure indicates that R and decrease considerably with the temperature. The decrease in R implies that the target absorbs more laser energy, whereas the decrease of modifies the distribution of the laser's thermal density S within the target. It is obvious that these properties influence the amount of laser energy during irradiation, and then affect the thermal response of the material. This is why the optical dynamics must be taken into account during the simulation. Several works [11, 17, 19] have considered R and as constant, which can be valid only at low temperature. Figure 2 shows the evolution of sub-systems materials under the irradiation of train of pulses at 0.2 / 2 with a repetition rate of 33 GHz, where 0.2 / 2 is below single ablation threshold [18] . It can be seen in figure 2 that the thermal equilibrium between the electrons and the lattice is established after a few picoseconds, i.e. the lattice remains totally cold during the irradiation. We deduce then that the femtosecond laser-material interaction is a non-thermal interaction and that is why the femtosecond laser can allow more efficient drilling of materials.
Results and discussion

Calculation of optical parameters
Reduction ablation threshold
We see also that the increase in the pulses number increases the temperature of the lattice but does not reach the thermal explosion condition, where the ablation of metals requires a lattice temperature close to 0.9TC [17] . In copper the critical temperature is TC = 7696 K [18] . Therefore, to ablate the copper film we must exceed the critical temperature, for this reason, we proposed to irradiate the target by train of bursts instead of train of pulses where each burst contains a certain number of pulses.
Fig. 1.
Reflectivity and absorption coefficient versus electron temperature at 800 nm wavelength. Note that the xaxis starts at 300 K. Figure 3 shows the evolution of sub-systems materials under the irradiation of train of bursts at 0.2 / 2 with a repetition rate of 33 GHz-200GHz. Where 200GHz is the repetition rate of pulses for each burst and it correspond to = 5 ps of separation time between pulses. It is clear that lattice temperature is dramatically enhancement with train of bursts where the temperature exceeds the critical temperature at the end of irradiation. Therefore, the copper can be ablated at low fluence. This enhancement of temperature due to fast thermal accumulation effect (FTAE) during the irradiation because the separation time between pulses used is less than vibrational time scale which on order of picosecond. As conclusion, we deduce that the ablation threshold can be significantly reduced when irradiated the metals by train of bursts.
Improved ablation at high fluence
Ablation by train of pulses
As mentioned in the introduction, the ablation of metals by femtosecond laser pulse at high fluence called a strong ablation where a corona can be formed around craters, see Ref. [9] . Because the ablation at high fluence is mainly due to thermal explosion, then the material to be ejected in general as liquid shape, which decreases the surface quality of laser-induced microstructure. Figure 4(a) shows the evolution of sub-systems materials under the irradiation of train of pulse at 6 / 2 with a repetition rate of 20 GHz corresponding to 50 ps between pulses. We observe that the lattice temperature increases after each pulse due to the accumulation effect, and because of the time separation between pulses is much higher than the electron-phonon relaxation time; the matter will be ejected via phase explosion after each thermal relaxation. Therefore, in figure 4(a) there are three thermal explosions. The figure 4(b) show the lattice temperature versus time and position where we observed that after each pulse the material heated more and more, therefore, the superheated liquid exceeds the critical temperature and the phase explosion appeared. We notice that the ablation depth is below 1 . and 800 nm of wavelength. Figure 5 (a) shows the temporal evolution of sub-systems materials under the irradiation of train of bursts at 6 / 2 with a repetition rate of 20 GHz-200GHz corresponding to 50 ps between bursts and 5 ps between pulses respectively.
Ablation by train of burst
We observed that the lattice heated by train of bursts ( figure 5(a) ) reach a temperature values much higher compared to the case of irradiation by train of pulses ( figure 4(a) ). During the irradiation by femtosecond laser bursts, the lattice temperature enhancement under fast thermal accumulation effect (FTAE) because the separation time between pulses is less than thermal relaxation time. Therefore, we suggest that this mode of irradiation can enhance the temperature of the same focal volume irradiated by the first pulse.
The figure 5(b) show the lattice temperature versus time and position where the lattice is more heated in comparing with train of pulses irradiation (see figure 4(b) ). Although there is a great improvement in the heating of the irradiated focal volume, the ablated depth is almost the same, where it remains always below 1 . Jia et al. [20] show that at high laser fluence, most of the laser energy absorbed consumed by material ejection and only 1% remains in the sample after ablation. In addition to this, we suggest basing on our current results that the ablation of copper at high fluence with train of burst mode enhance the superheated liquid at the same focal volume which can improve the vapour rate during the phase explosion in comparison with the liquid rate; therefore, a more clear drilling can be obtained. 
Conclusion
In this work, we have tried to show the advantage of the irradiation of metals by femtosecond laser burst-train where we have presented numerically a comparison in thermal response of copper during the irradiation between two mode of interaction; train of pulse and train of burst femtosecond laser. The two-temperature model adapted to the case of multipulses has been simulated by the finite difference method give a best visualisation of lasercooper interaction. The results obtained shows that the ablation threshold can be reduced by using a train of burst. It is clearly observed also that the temperature of the lattice increases considerably by burst-train irradiation compared to the case of the pulses-train irradiation, where we suggested that the quality of ablation could be improved by this mode of irradiation.
